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Permeability is the physical property of soil which enables it 
to pass or conduct air or water through its macropores. This should 
not be confused with the infiltration rate, a term expressing the 
rate at which water will enter the soil surface. Whereas the 
infiltration rate�� influenced by the hydraulic slope, permeability 
is not (12, p. 153)* • · 
A term which is often· confused with permeability is hydraulic 
conductivity. Hydraulic conductivity is a velocity term, or (L/T), 
expressing the rate at which a fluid passes through the soil. 
Permeability is expressed as the square of some unit of length, or 
(L)2 , and is a property of the porous body'alone and not of the 
fluid. Permeability and hydraulic conductivity of soil to water are 
related to each by: 
k= �k 
yg 
where k is the soil permeability to water, k is the hydraulic 
conductivity,,-c-the v�scosity of water at the recorded temperature, 
�the density of water, - and g the acceleration of gravity. The 
specific need for hydraulic conductivity and permeability measure­
ments is to determine the rate at which water will move through soil. 
Thus information on these measurements is indispensible in sound 
*Numbers in parentheses refer to appended references. 
planning of drainage and irrigation systems. This study.will deal 
primarily with devis_ing a method of measuring the hydraulic 
conductivity of so.iL 
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Since hydraulic conductivity is a property of the pore space 
of the soil, we must find how its configuration will affect the 
conductivity. It is easy to observe that a soil with a high porosity 
will have a higher conductivity than a soil with a low porosity, 
other things being equal. However, soils do not vary widely in 
porosity unless_some other factor such as texture also varies 
markedly. 
Between soils of the same porosity, the one with the finer 
pores will have a lower conductivity than one with coarser pores. 
II 
This is due te- the fact that there will be a proportionally greater 
drag force on the liquid in a small pore than there will be in a 
larger one. Since large pores are more effective contrib.itors to 
conductivity than fine pores, a soil with a wide range of pore sizes 
will be more highly conductive if the large pores are continuous 
through the soil, rather than being broken or connected to the less 
efficient finer .pores. The soil structure may provide a continuous 
path of large pores such that its effect will far outweigh the 
contribution made to condu�tivity by the textural pore space, even 
though the structural porosity may be less than the textural. As 
an example: a heavy clay soil in Romney Marsh, England, was found to 
have a conductivity, due to well-developed structure, equal to that 
of coarse sand (6, p. 48). 
J 
From this it is clear that high conductiv�ty is ·encouraged by 
�igh porosity, coarse open texture, and highly developed structure. 
However, as with the clay mentioned above,· the presence of one of the 
three factors may offset the absence of another factor. This is also 
evident in light, sandy soils which do not develop stable structures. 
Here structural conductivity is not needed, since the textural 
conductivities are adequate. 
In soils in which the hydraulic conductivity depend_s primarily 
upon soil structure, its stability is of main importance. In surface 
soils the amount .of organic matter present is usually the main factor 
controlling the structural stability. At lower depths the colloidal 
properties of the clay dominate. The type and concentration of ions 
in the soil soiution greatiy affect the colloidal properties. 
Monovalent ions such as so�ium in low concentration greatly encourage 
swelling and dispersion, resulting in loss of soil structure. For 
this reason, even low concentrations of sodium salts effectively 
reduce hydraulic con<!Uctivity. 
Another aspect of soil structure, is that structural �issures 
may develop more freely in some directions than in others. E,camples 
of this are that prismatic and columnar structures are characterized 
by more vertical-than horizontal fissures, while in platy and 
laminar structures the opposite is true (6, pp. 48-50). These 
differences in structure cause the hydraulic conductivity to differ 
from one direction to another as well as from one point to another. 
A soil having these characteristics is said to exhibit anisotropy or 
4 
to be anisotropic. This lack of uniformity becomes most.extreme.in 
alluvial soils. Frequently the horizontal permeability of an 
alluvial soil is 10 t'imes greater than the vertical permeability 
because under water the particles are deposited with most of their 
flat surfaces parallel to each other. The presence of tight clay 
layers will also further decrease the relative vertical permeability. 
Therefore, it is important to recognize the nonhomogeneous as well as 
the anisotropic nature of the soil when permeability measurements are 
being taken (12, ·p. 204). 
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PURPOSE AND OBJECTIVES 
Although there are numer.ous methods of measuring, both 
laboratory and in situ, soil hydraulic conductivity, they �11 
measure either th� horizontal, vertical, or some kind of "mean" 
conductivity. None of the methods used up ·to the present can measure 
both the horizontal �pd vertical conductivities on the same sample 
of.soil without considerable compaction. With undisturbed soil cores 
both the horizontal and vertical conductivities can be measured. 
Previous investigations, however, have used separate. cores for each 
measurement. This does not give a true measurement since most soils 
are not homogeneous, and one sample of soil will be different from 
all other samples. 
Since �t is rather difficult to accurately differentiate 
between the horizontal and vertical components of flow in a field 
measurement, it was decided in this case to use an undisturbed 
sample in the laboratory. 
The objective of this study was to devise a sampling technique 
and a technique for testing the soil samples such that both the 
vertical and horizontal conductivities could be measured on each 
sample. Some of the necessary features of the method are: 
1. The sample must be cube-shaped. 
2. The sides, top, and bottom of the block must be open for 
measurements. 
J. The sample must be taken and shaped so as not .to compact 
or otherwise alter the soil structure. 
4. The sample·s must be encased in ·the permeameter so no 
seepage occurs between the soil and encasing wall. 
5. The method of encasing the soil should allow for natural 
swelling of the soil. 
6 
•' 
REV:ml OF LITERATURE 
Extensive studies have peen made and numerous methods have 
been devised for mea�uring the hydraulic conductivity of soils. 
Darcy's Law· of Flow 
7 
The usual equation used to calculate the hydraulic conductivity 
was developed in 1856 in France by Henry Darcy (16, p. vii). Darcy's 
law has been written in many different forms. However it is most 
commonly expressed as 
Q = kah . L �-
1 
where h is the energy expended to produce a quantity of flow, Q, 
through a flow path of cross sectional area,' a, and of length, L. 
The constant, k, or hydraulic conductivity, is characteristic of the 
porous media through which the liquid is passing. 
Investigators who have studied Darcy's law have concentrated 
on two aspects. One group attempts to either verify F.quation l or 
else establish the appropriate modification of it using the dimen­
sional theory. The other group has been concerned with the constant 
k and its relationship to the characteristics of the porous media 
through which the flow occurs (22, p. 56). Darcy's "law of flow" has 
been found to be valid when· the velocity of flow remains viscous or 
laminar. A safe upper limit, above which deviations from Darcy's 
law will become appreciable, has been set at a Reynolds numbe1· 
of 1 (22, pp. 66-67). 
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By applying the theory of dimensions to the law .of_ flow, the 
relationship is illustrated as 
Eq. 2 
where Ap is·the pressure drop over a column of length As, carrying a 
fluid of density, �, and viscosity, J' ,  with an average velocity, v, 
through the soil pore. The function F can be recognized as the 
Reynolds number, and d of function ;is a length characterizing either 
the size of the pore openings or the size of the sand grains. For low 
velocities or visc.ous flow, the functions F and <J,are simply equal to 
their argument. Simplifying Equation 2 would then give 
_!LE,= constant µ. V 
AS � 
Eq. 3 (22, pp. 56-57) 
F,quat!on 3 is often expressed in other forms. The term (Ap/As) 
is the pressure gradient and more commonly denoted as i. The term 
(d�/constant�) is also denoted ask. The equation is now shown in 
one of its more common forms. 
V = ki Eq. 4 
The constant k is called the hydraulic conductivity of the 
specified body to the specified fluid, and carries the dimens;ons of 
velocity. Penneability, which is often confused with hydraulic 
conductivity, is defined as.the property of the porous media, indepen­
dent of the fluid, and. is denoted by k. It is also called the 
intrinsic permeability and is expressed as the square of some 
dimension of length. F.quation 4 can also be written in the form 
V = k �gi 
µ, 
where g is the gravitational constant, tis the density of the 
conducted fl�id, andris the viscosity of the conducted fluid. 
F,q. .5 
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The Reynolds number (dvl/J-L) may be interpreted as the essential 
factor in detenninin� the nature of flow through a porous medium. 
There is a question as to the range of Reynolds number above which 
the deviations from Darcy's law will become appreciable. The reason 
the range cannot be accurately defined lies mainly in the ambiguity 
of the definition of the quantity, d, entering into the Reynolds 
number (22, .p. 64). However, it app�ars that Darcy's law is valid 
when Reynolds number is less than unity. Since this value is very 
unlikely to ever be exceeded. in any natural drainage situation, it is 
common pi:actice to accept Darcy's law as being valid (6, p. 47). 
Permeability and Hydraulic Conductivity 
The definitions of penneability and hydraulic conductivity 
given in the preceding ·section will be followed throughout this study. 
In comparing the definitions of these two measures, it would appear 
that penneability and hydraulic conductivity would be di_rectly· 
related if permeability were_ detennined using water as the conducting 
fluid. This actually is the case with porous media with fixed 
structure such as sandstone (27, p. 22). · However, unlike inert 
sands, all soils contain some colloidal matter, the properties of 
which are sensitive to changes of the chamical character of the fluid 
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phase. These factors of soil-water interaction and of flow character­
istics of water are eliminated in the permeability expression. Since 
permeability is expres·sed as the square or· the mean effective pore 
diameter of the porous medium, it is independent of characteristics of 
the conducted fluid, such as viscosity, surface tension, and density. 
Permeability then, seeks to express the rate of movement of any fluid 
as a function of pore size ·and pore distril::ution of the porous 
medium, whereas hydraulic conductivity tends to describe the rate of 
movement of water as a function of these properties at some standard 
condition of temperature (6, p. 48). 
In discussing the changes of viscosity of the conducted 
fluid, we will be primarily concerned with t�ose of ground water. 
The porous medium through which the ground water will pass will be 
soil. A marked change in temperature may cause a change in viscosity 
as well �s a change in the volume of soil air. (8, pp. J55-J65). 
Viscosity changes may also be brought about by the amount of colloids 
and salts present in the water. Also, since the latter are inti­
mately connected with the phenomenon of soil aggregation and with the 
development of soil structure, a change of fluid may profoundly 
change the hydraulic conductivity appreciably apart from any contri­
bution made by the change of viscosity. 
· For example, a small amount or sodium chloride added to the 
soil water will change the viscosity very little; however, it may 
cause a large change in the soil structure. This would appreciably 
change the hydraulic conductivity since it is related to the pore 
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space, and sodium will tend to close the pores. It has·also been 
shown that when water of low total salt concentration is percolated 
through them (10 ,  pp. ·337-353) , soils which are high in exchangeable 
sodium are particularly susceptible to dispersion and swelling. 
Since there is an interaction between soil an_d water, the 
hydraulic conductivity of the soil is not constant. A soil, within 
which water is the permeating fluid , constitutes a dynamic system 
with respect to its structural or physical makeup. The mineralogical 
makeup of the soil particles is the main factor determining whether 
there is an interaction present. Soils high in expanding clay 
particles will undergo a great physical change upon wetting. This is 
due to the adsorption of water within the exP,&nding type lattice of 
the clay particles (25, pp. · 404-405). This expanding of the clay 
particles will result-in a reduction in the closing of pores 
(11, pp. ,184-192). If this expanding effect were not true, it would 
be relatively simple to determine the relationship between total pore 
space and hydraulic conductivity (17, pp. 28-31). 
However, with two soils having the same total porosity, that 
soil which has ·the greater percentage of macro-pores will have the 
higher hydraulic conductivity. In soils of fine texture., the 
hydraulic conductivity is dependent almost entirely on the amount of 
macro-pores, which is an indication of the development of good soil 
structure. 
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Soil structure is als·o important in that �atura1 · fissures may 
gevelop more freely in some directions.than in others. It is recog­
nized that platy or· laminar structural soiis have a greater amount of 
horizontal fissures than the prismatic and columnar structured soils 
(6, P• 50). One could conclude that this may also c_ause greater 
conductivities in a horizontal direction. This theory or concept is 
referred to as soil anisotropy. Sedimentation is a common oause of 
anisotropic soils which often result in a micro-stratification. The 
horizontal conductivity of an anisotropic soil of this type may be 
many times greater-than the vertical conductivity (18, p. 24J). 
Attempts have been made to estimate the ratio of horizontal to verti­
cal conductivity, (kh/kv), on the basis of the results of two separate 
sets of perm.eaoility tests. · One in which the water percolates through 
the samples parallel to the stratification and in the other at .right 
angles to it. · In order for this method to be valid it would have to 
be assumed that the permeability of the stratum was the same at every 
point on any plane pa�allel to the bedding planes (28, p. 298). The 
only way for this to be true would be for the soil to be homogeneous, 
which is seldom the case. 
Soil cracks and holes due to worms and roots· naturally occur 
in soils and also affect the. hydraulic conductivity. In measurements 
of hydraulic conductivity of soils in situ the effect of naturally 
occurring channels is taken into consideration. In permeability 
13 
determinations made in the laboratory, where the soils are fragmented 
�nd repacked, the effects of these naturally occuring channels are 
eliminated (25, p. 412). 
Investigations into the effect of microorganisms on soil 
structure and soil penneability indicate that they are a major 
consideration under conditions of prolonged sutmergence. This 
activity occurs during prolonged sutmergence, prolonged leaching 
operations, or extensive water spreading on agricultural soils. The 
soil pores probably become obstructed by the products of microbial 
metabolism such as.slimes, gums, gases, and microbial tissue. Also, 
part of the observed reduction in perme·abili ty may be due in part to 
disintegration of soil aggregates caused by the attack of micro­
organisms on tne organic materials which bind soil into aggregates. 
Various chemicals have bee� added to tap water used in measurements 
of hydraulic conductivity in the laboratory on soil cores in an 
attempt to reduce the effects of microbial sealing. The most effec­
tive chemicals used w!re formaldehyde and phenol at concentrations of 
1000 and 2000 p. p. m. respectively. With the addition of one of these 
chemicals to the water supply the hydraulic conductivity could be 
maintained at nearly the maximum conductivity for a considerable 
length of time. However, even with the most effective treatments the 
soils eventually sealed (1, pp. 439-450). 
The hydraulic conductivity of a soil will be greatly affected 
by the presence of a second fluid within the porous medium. This 
condition exists whenever one fluid is a liquid and the other is a 
204352 
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gas or air. In permeability tests using water as the fluid air is 
' , 
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entrapped in the pores of the soil and the percolating waters must 
either pass through. or ·around the trapped air. This has the effect 
of greatly decreasing the hydraulic conductivity (23, pp. 115-123). 
Using soil packed in cylinders, it has been found that some air was 
trapped in the soil regardless of whether the water was applied from 
the top, from the bot'tom by. capillarity, or under a head. Besides the 
air that is already in the soil upon wetting, air may also be evolved 
from the water within the porous medium as water percolates through 
the sample (25 , p • . 409). Elltrapped air can be removed from the porous 
material over a period of time by the passage of de-aired water 
through the sample. This requires considerable time to be accom­
plished (8, pp •. 35�365). Carbon dioxide can also be used to remove 
the soil air. Before .wetting the soil air may be displaced with 
carbon dioxide. Then upon percolating water through the soil the 
carbon dioxide will be removed being readily soluble in water. The 
initial permeability of the carbon . dioxide treated soil will then be 
approximately equal to ·the maximum permeability of untreated samples 
(7, pp. 355-360). It has been observed that the rapid solution of 
carbon dioxide by the saturating water may increase the structural 
breakdown of soils and the final permeability of the soil may there­
fore be lower {24, pp. }24-329). 
The importance of the factors which affect the hydraulic 
conductivity of soils can be emphasized by a generalized curve 
s howing the variation in hydraulic conductivity with time under · 
prolonged sub.nergence as shown in Figure I. The curve is explained 
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0:1 the basis of several simultaneous pr_oces ses th.at operate to change 
the permeability. The·•initial effect of wetting and leaching of the 
electrolytes from the soil is_ to decrease the permeability.of Phase 1, 
which results from the accompanying dispersion and swelling of the 
soil particles. Phase 2 is a result of the gradual dissolving of the 
· entrapped air from the soil-by the percolating water, which tends to 
increase the permeability at a rate that overshadows the decrease, 
due to swelling and dispersions. Microbial sealing, which apparently 
started at the time the soil was saturated, was not apparent until a 
later time when the rate of decrease in permeability due to microbial 
sealing was greater than the rate of increase due to the removal of 
entrapped air. ·-The at first rapid and then gradual decrease in 
permeability in Phase J is attributed to the following causes: 
1. A slow physical disintegration of aggregates under 
prolonged sul:mergence. 
2. Biological clogging of soil pores with microbial cells and 
their synthesized products, slimes, or polysaccharides 
(21, pp. 1?5-179; 18, pp. 16)-174). 
J. A dispersion due to the attack of microorgani�ms on· organic 
materials which bind soil into aggregates (20, pp. 157-166). 
Methods £.f_ Measuring Permeability and Hydraulic Conductivity 
There have been numerous methods devised for measuring the 





















Phase 2 Phase 3 
Time 
Figure I. Change in Hydraulic Conductivity of Soils Olring long Sutmergence. 
(Redrawn from Allison, Soil Science 6;:439-450. 1947. ) � °' 
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Formulas have been developed to translate the flo� measurements into 
hydraulic conductivity. Some of the investigators have exact mathe­
matical solutions, some have assumed that the soil was heterogeneous 
to develop approximate solutions, while others have relied on the 
-electrical analog method of solving the problems of three-dimensional 
flow. 
The various methods can be grouped under four different cate­
gories: field methods below a .water table, field m�thods above a 
water table, a laboratory method, and indirect methods. The methods 
under these catagories will be briefly described along with the 
merits and limitations of each. 
1. Field Methods Below a Water Table - -
Auger-Hole Method. The auger-hole test method is a simple, 
yet reliable method for determining in-place permeability below the 
water table. A hole is augered out to the desired depth below the 
. .  
water table, and water is allowed to rise until in equilibrium with 
the water table. The h�le is then emptied by bailing or pumping, and 
the rate of rise of the water. level in the hole is measured at dif­
ferent depths below the water table. 
Several different fonnulas have been developed by various 
investigators to translate the observed rate of rise of water in the 
auger hole into the hydraulic conductivity of the soil. Some of these 
formulas are based on exact theoretical solutions of Darcy's equation 
while others are based on approximate solutions. 
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The auger-hole method is the simplest method both . in concept 
and in field practice._ It measures a far larger .sample than most 
other methods, and r.equ·ires less time, equipment, and labor per 
measurement than some of the other methods. It measures the average 
conductivity·over the depth of the hole below the water table in· 
mainly the horizontal direction. Therefore, it cannot be used in 
-anisotropic soils (J,''pp. 5-7; 16, pp. 420-421; JO, pp. 4-12). 
Piezometer Method. The piezometer test uses a seamless tube 
installed in an auger hole 1/16 inch less in diameter. The hole is 
augered out six inches at a time and the tube is then driven to 
within one inch of the bottom of the hole. This process of augering 
the hole _deeper and driving the tube down is continued until it 
reaches the desi�ed depth. -At this depth a cylindrical cavity of 
known length is augered out below the tube. After the soil pores 
in the cavity are flushed by pumping, the water is allowed to reach 
an equilibrium in the tube. Then the water is pumped out again and· 
the rate of rise is measured by meahs of an appropriate water level 
indicator and stop watches. 
This method, which measures predominantly the horizontal 
conductivity in anisotropic soils, is well suited to determining the 
conductivity of layers in stratified soils. However, the layers must 
be homogeneous and isotropic within themselves and not too thin. 
The method is not reliable near an impermeable layer, when 
root holes and worm holes are pres·ent, in highly structured soils, or 
in stony soils which may damage the piezometer (J, pp. 2-4; JO, PP• 
14-18). The method requires more labor than the auger hole method 
19 
and the degree of reproductivity of results is low. It has the 
a�vantage of measuring the conductivity of a rather small volume of 
soil around the cavity.which is important in dealing with stratified 
soils (16, p. 4J6). 
� Method. This method is essentially the same as the 
piezometer method with the exception that no cavity is drilled 
• '  
· beneath the end of the piezometer. The tube is developed the same 
as in the piezometer method and the same system is used in taking 
measurements. 
The advantage of the tube method is that it measures the 
vertical conductivity. mwever, it still has most of the dis­
advantages of the piezometer method (16, p. ��9). 
Pomona 1rl.ill Point Method. A King soil tube is driven to the 
approximate depth at which the measurement is to be made. The soil 
is removed from-the tube and a well point is lowered into the empty 
tube. The well point is then pushed down an additional six to eight 
inches beyond the end of the soil tube into the layer of soil where 
the measurement is to be made. The water table is allowed to reach 
an equilibrium and its position is measured. To a point three 
inches below the water table a small diameter suction tuqe is 
lowered. By pumping, a three�inch head difference is maintained and 
the rate of outflow can be measured. This can then be converted to 
conductivity through the use of an empirical equation. 
The advantages of this method are that layered soils can 
easily be investigated and the soil need not support a cavity. It 
works well in sands ; however , it is not as well adapted to use in 
clays or clay loams. Also the materials used to run the test are 
simple and inexpensive .( J ,  pp. 8-9 ). 
2. Field Methods Above a Water Table 
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Shallow Well Pump-In Method. The shallow well pump-in method, 
also referred to as the well-permeameter method , or the dry auger 
hole method, consists basically of measuring the rate of water · 
flowing horizontally from an auger hole, either cased or uncased. A 
constant head of water is maintained in the hole by a float valve. 
In preparing the hole, the sides must be carefully brushed or 
scraped to remove any compacted soil. After the loose soil is 
removed from the bottom of the hole a thin-walled perforated casing 
may be insta�led in the hole. The hole is filled with water and 
maintained _ at the desired depth until a steady state condition is 
obtained. Then the conductivity may be calculated from nomographs 
or from formulas. 
The obvious impo--rtant advantage of this method is that the 
conductivity can be determined above, or with the presence of the 
water table. 
There are many disadvantages of this method also. The test 
may require from two to six days before an equilibrium condition is 
reached. Considerable equipment and a relatively large quantity of 
water are also required. Another definite limitation is that the 
hole cannot be augered to accurate dimensions in rocky material or 
coarse gravels. Furthermore , the values of conduc�ivity obtained 
by _ this method are lower than those obtained with · other methods 
(J , pp. 10-11 ; JO , pp . i8-32 ) .  
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Cylinder Permeameter Method. The cylinder permeameter method 
is s;imilar to .the shallow well pump-in method, in that water is added 
to a dry auger hole above the water table. However , this method uses 
a much larger diameter hole , ·at the center of which is placed an 18-
inch diameter cylindrical sleeve. This sleeve is forced into the 
soil about six inches below the bottom of the hole. Water is added 
. to the hole and floats are used to maintain the water at the same 
level both inside and out of the cylinder .  The  rate the water is 
added into the cylinder is measured. This, along with a measure of , ,  
the pressure neaia- the bottom ·edge of the cylinder is then used to 
calculate the vertical ·conductivity by Darcy's law. The pressure 
must be measured to ensure complete saturation. 
This �ethod has the advantage that the vertical conductivity 
can be determined either above or without a water table and of 
individual layers of soil. Also the method is simpler in theory than 
the well-permeameter method. Ole to the head loss across the water­
soil interface the conductivity values are low (29). 
Ibuble � -Method. A� with the cylinder permeability method, 
the double tube method pemits detennination of conductivity above a 
water table by measurements of water using two concentric cylinders. 
An auger hole is excavated to the desired depth , and after the bottom 
of the hole is cleaned, a thin layer of sand is spread over it to 
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protect the soil. lwo concentric cylinders with diameter . ratios of 
1. 7 or larger are carefully lowered into -the hole and forced into the 
soil about one inch. · water is added to both cylinders so they are 
both filled at the same rate. Standpipes of equal heights are 
attached to both cylinders. These are maintained full. of water for 
several hours. The water supply to the center tube is ·then cut off. 
As the water in this tube starts to fall the water level in the . outer 
tube is drained off at the same .rate. Measurements of height of drop 
versus time is used to plot a curve of "equal level" H-t. Next, . the 
water levels are brought back to the same starting point in the 
standpipes. This time the rate of drop of the level in the inside 
tube is measured with a constant level in the <!>Uter cylinder, and a 
"constant level" H-t curve is plotted. Through the use of the two 
curves and an equation the ve.rtical hydraulic conductivity can then 
be calculated (J, pp. 14-15). By a refinement of the apparatus 
having piezometers inserted into the soil inside the inner tube, 
measurements can be mad� from which horizontal conductivity can be 
calculated (5, pp. 19-2)). 
The double tube method is based upon flow from the outside. to 
.. the inside cylinder ; therefore, eliminating the dependence · on intake 
rates and, partially, the effects of surface sealing. However, when 
inserting the rings in the soil a certain amount of disturbance and 
compaction of the soil takes place. Also inserting the piezometers 
inside the inner ring compacts the enclosed area even more. 
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A further limitation of the use of this method is t�e problem of 
entrapped air inside the soil column which reduces the downward flow 
of water (2, pp. 51-52). 
J .  laboratory Method 
Undisturbed Core Sample Method. Standard techniques have been 
set forth for taking undisturbed samples of soil using samplers such 
as the l.J.ltz or Uhland devices. By an undisturbed core is meant one 
which has been obtained, in cylindrical form, with a round core-cutter, 
designed to produce a minimum · of di�turbance in a sample. The samples 
are taken by forcing a brass or aluminum cylinder into the soil with 
one of the above samplers. The samples are then wrapped in plas tic 
to prevent drying until they can be set up in the laboratory. Here 
the samples a�e saturated from the bottom and then set on a platfonn 
and arranged so that water is ' supplied to the top of the core with a 
constant hydraulic head. By measuring the outflow periodically and 
through the use of Darcy's law the hydraulic conductivity can be 
calculated. 
Cores can be used to measure the conductivity in any direction , 
depending upon the direction in which they are taken and how they are 
encased for water flow through them; therefore, a layered or aniso­
tropic soil can be measur�d (26, pp. ,582� 590). Also, the method does 
not require a water table ·and is relatively inexpensive. A large 
number of samples can also be taken in a short length of time. 
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Disadvantages of the method are that samples are small and 
there is a certain degree of compaction du,ring sampling. Because of 
a loss of head at the soil-water interface, the hydraulic conductivity 
measurements by the core method are smaller and more variable than by 
o.ther . methods, such as the auger hole method ( 3, pp . 16-17). 
4. Indirect Methods 
There are numerous indirect methods for calculating soil 
permeability. The Kozeny-Carman equation relates porosity and surface 
area to soil permeability. Surface area is evaluated in terms of 
particle size and particle size distrihltion by Dalla Valle. Pore­
size distriootion has been correlated with permeability by a number 
I I  
of investigators. Aronovici and Ix>nnan related the water trans-
mission characteristics to soil texture . Uhland and O'Neal proposed 
a list of soil properties for 'the use in field classification of soils 
as to their permeability (25, pp. 402-404 ). 
These are a few of the proposed methods for evaluating the 
penneability indirectly. - Whereas they are all relatively simple, 
they require considerable skill and good judgment by the individual 
practicing them in the field . These proposed methods illustrate .the 





The problem, as .presented in the section entitled "Purpose and. 
- Objectives" ,  is one of devising a sampling technique and also a method 
of preparing and testing the sample such that both the horizontal and 
vertical conductivities _9an be measured on the same sample of soil . 
From the review of literature it is evident that considerable 
work has been accomplished in the area of devising methods of measuring 
hydraulic conductivity. However, with the exception of the double 
tube method, which has several limitations, all present methods 
measure either one conductivity or the other on any given sample of 
soil. 
The soil selected for the proposed method was from the Redfield 
Irrigation and Drainage Resea�ch Farm in the old Lake Dakota Basin. 
Because some data had been collected on this soil and because it is 
anisotropic, the proposed method could be compared as to both the 
horizontal and vertical conductivities. Aside from the fact that 
most previous work at the Redfield farm had been done with undisturbed 
soil cores, shown in Figure II, is was also an advantage to devise a 
laboratory method because of the considerable distance between Red-
field and South Dakota State University laboratories. 
Since the conductivity was to be measured in bo th directions, 
it was apparent that the standard cylindrical shaped sample of soil 
ordinarily used in undisturbed core tests would not be suitable. A 
cubical shaped block of soil would be the l:,est configuration since 
I I 
Figure 11. Sam
ples of the Cyl
indrical Cores 
Taken 
in 196.2 Showing t
he Horizontal La
mina tions 
in the Fir.s t and 
Second Sample s 
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the length of soil through which the water would be percolating would 
then be the same in both directions . Because soil ·samplers which use 
a cutting head to remove · the sample smear the . edges of the soil and 
also compact it, and because it .is not feasible to make a rectangular 
s�aped cutter head , the author decided to c hop a large block of soil 
out of the side of a hole. Samples would then be removed from the 
block. This also presented the problem of how to get smooth uniform 
s haped blocks without cracking or smearing the soil. 
Another problem after the samples were taken was to seal the 
sides of the block of - soil so that the soil would be able to expand 
upon becoming wetted and at the same time not have seepage between the 
encasing material and the soil. Also the coating had to be easy to 
I I  
remove so the soil- blocks could be turned to measure both conductivi­
ties. It was found that .liquid saran composed of one part powdered 
saran resin F-120 • and ten parts methyl ethyl ketone by weight, made 
a very good waterproof coating which adhered to the soil and still 
allowed for natural swelling. However , a problem arose as to how the 
saran should be applied. ·spraying with a paint sprayer was tried ,  1:ut 
this did not give a complete seal. In dipping the soil some method 
was needed to support the block of soil. String tied around the block 
of soil would cut into the corners. Cheese cloth wrapped around the 
soil made it difficult to · secure a good seal against the soil and also 
made it difficult to remove the coating when turning the block of soil. 
*Product of the Dow Chemical . Company. 
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The s ize of soil sample was another factor to be cons idered. 
A larger sampte would have less  variability but would also be harder 
to obtain and handle. · _  A ·three-inch cube was finally decided on, s ince 
it would be nearly the same volume as the three-inch s tandard cyl­
inders and, would also be easy to handle. 
Field Procedure 
On June 14, 1966 , a hole was excavated approximately three feet 
by five feet by five feet deep. The hole, as shown in Figure ·rrr , was 
located next to ·the tile drainage plot from which previous undisturbed 
core measurements had been made. At approximately the three-foot 
depth the layering effect of the lake plain soil became more pronounced. 
The ref ore , it was decided to take the samples between the_ four and a 
half and five foot depths. A hand pick was us ed to chop the soil out 
from around .approximately five' to six inch cubes. After each block was 
removed, orange spray paint was sprayed on it to identify the top s ide. 
The block was then wrapped in polyethelene, to prevent drying, and 
labeled as to depth and location in the hole. On June 28, additional 
samples were taken from the same hole which had been covered with 
polyethelene since the first samples were removed. 
The samples were taken to Brookings, quick frozen, and placed 
in a cold s torage locker. A representative picture of these is shown 
in Figure I.V. 
Figure III. Ho le From Which the Soil Samples 
Were Removed 
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Twenty racks, shown in Figure V,  were made of one-half inch 
welded screen and wire.· Upon these racks the blocks of soil could be 
placed to lower them into a container of liquid saran for the coating 
process. 
A laboratory apparatus similar to a standard permeameter setup 
for measuring the hydraulic conductivity of cylindrical sh.aped undis­
turbed soil cores was · constructed. Instead of having round bases and 
top extensions for the soil cores, square equipment was used. B:>th 
the bases and tops, shown in Figure VI, were made of one-quarter inch 
plexiglas. The top extensions were made in the shape of a square box 
with only one open end. This way when the box w�s placed on the soil 
core, the top side. of the box was enclosed except for a length of 
quarter inch plexiglas pipe pr�truding through it. This pipe was 
used for applying carbon dioxide. There was also a piece of half­
inch plexiglas pipe protruding through the one side wall from which 
the water was supplied t� the core. The base, which functioned as a 
funnel, was a square shaped box with a small plexiglas pipe attached 
to the bottom and to which tubing was connected to run the water to 
the collecting cans, which were covered to reduce evaporation. Small 
s quares of plexiglas were fastened to the bottom of the box upon which 
a piece of coarse screen and then a piece of 60 x 60 mesh brass screen 
were placed to support the soil core. 
Figure_ V. Dipping Racks Used for Coating the 
Blocks of Soil 
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Figure VI. Plexiglas Ebxe s  for Encasin g  the Ends 
of the · Cubes of Soil in the Permeame ter 
:n 
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A foam padded support was made to hold the soil cores as shown· 
in Figure VII. This permitted lateral support of the blocks of soil 
but would also permit the soil to expand upon ·becoming saturated. 
Four five-gallon carboys were fitted as Mariette bottles to 
supply a constant-head of water. Each bottle was connected to a 
group of five soil cores by a distri'butor system as shown in 
Figure VIII. 
Plan of Experiment 
The soil samples had been frozen so they could be cut into 
uniform blocks of soil with straight and smooth sides without 
smearing or otherwise disturbing the soil. These blocks of soil 
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could then be removed from the locker and cut into three-inch cubes 
on a band saw. After cutting, each block was lightly marked as to 
which side was the top. They · were then placed on the dipping racks 
and dipped into the saran for their first coating while they were 
still frozen. This way the soil would not get smeared or compacted . 
Also it would not have a- chance to dry out and crack. After all the 
cubes of soil were cut, they were each dipped an additional three 
times to insure that all small holes were sealed. 
The rack and block of soil were weighed, and then suspended in 
a container of water on the scale, and the b.loyant force of the water 
was measured. After the blocks of soil wer� removed from the racks, 
the racks were again weighed and aga.in .the b.loyant force was measured. 
By subtracting the weights of the rack, the volume of the soil could 
be calculated. 
Figure VII . Cubes of Soil in Re ta in ing Support 
· w1th Plexi glas Ends Attached 
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Fi gure VIII.  Permeameter Setup Showing the 
Dis tric:ut±on System and Water Supply 
J6 
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At this point pictures were taken of all the cubes of soil so 
as to show the laminations in the soil and .also any ·irregularities. 
A representative sample is shown in Figure IX. 
On two opposite ends of the cubes the saran was removed with a 
razor blade. On half of them the original top and botto_m of the 
blocks were opened while on the other half, two opposite sides were 
opened. This way the hydraulic· conductivity could be first measured 
in the vertical in half of the blocks and the horizontal in the other 
half. After completing this sat of measurements the blocks of soil 
could be redipped in saran to seal the bared ends again. Then two 
other ends could be removed so that the blocks which were originally 
measured in the vertical direction could now be measured in the hori­
zontal direction and vice versa. 
After the saran had been removed from the two ends, a square 
piece of filter paper was laid on the top and then the square plexi­
glas box used as the top was placed on the block of soil and sealed 
to the saran sides with m�lted paraffin. The block of soil was then 
placed on the screen in the base. The soil core with its covered top 
and base was placed in the permeame·ter and the tubes for supplying and 
removing the water we� attached. 
Because the use of carbon dioxide has been proven to speed up 
the removal of entrapped air from the soil, it was decided to try this 
procedure on half of the samples. Therefore, on the first run, carbon 
dioxide was forced through 10 cores, five in the vertical and five in 
the horizontal direction. 
- - - - - - -- ---- --�---
Figure IX .  Representative Sample o f  the Soil Qibes 
to Show Laminations 
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Treatments A and B consisted of five cores each in the - vertical 
and horizontal directions respectively through which no carbon dioxide 
was forced. Trea trnents· C and b had carbon dioxide forced through them 
and consisted of five cores each · in the ve·rtical and horizontal 
di.rect-ions respectively . 
About one-third cubic foot of carbon dioxide under a low pres­
sure of approximately one-quarter inch of mercury was forced through 
each block of soil. A low pressure was needed to prevent the saran 
from being forced away from the soil. In order to have both a low 
pressure and a positive means of measuring the amount of the gas being 
forced through the soil, an air permeameter constructed by Dylla 
(9, pp. 36-37, 65-66) was used . However, since parbon dioxide is very 
soluble in water, -oil was used . in place of the water in the permea­
meter. Also, three one-pound �eights were evenly distributed around 
the top of the float-can in order to develop the desired pressure. 
After the carbon dioxide was applied to half the cores, � the 
tubing carrying water away from the base was clamped off and the base 
was filled with water to saturate the soil. The soil was left to 
saturate for two days before the water supply was connected and the 
bases were permitted to drain free- The head of water - on top of the 
soil cores was adjusted to one-half inch. 
The quantity of water percolating through each block was 
periodically measured for a given time interval and the temperature of  
the water supply was also recorded until the hydraulic conductivity 
appeared to level off. Then the blocks of soil were turned as 
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previously _ described and the tops were again sealed on and connected 
to the water supply. This time no �arbon dioxide was run through the 
soil, since it should ha
.
ve been completely de-aired. Water was · again 
percolated through the soil as before until the hydraulic conductivity 
appeared to level off. 
After the conductivity 1,eveled off in the second run, phenol 
was added at a concentration of.2000 p. p.m. in an attempt to see if 
microbial sealing was the cause of the gradual decrease in hydraulic 
conductivity. After the effects of the phenol were observed, several 
drops of green food coloring were placed in the water on top of each 
soil core and the water supply was turned off. 
As soon as the water had drained from the tops of the soil 
cores, the plexiglas tops were removed and the blocks of soil were 
weighed. The cores were then p�aced on a tension table with 60 cm • . 
of water tension. ·After being on the table for 24 · hours, the cores 
were again weighed and then placed in an oven for two days at 105° C. 
The soil cores were again _weighed. The specific yield or percentage 




JW�Wtt 100 = 
Vb 
S = percentage of soil volume drained under a suction of 
60 cm. of water. 
F,q. 6 
Vb = bulk volume of the sample in milliliter� befor·e drying. 
W1 = weight of the saturated sample in grams. 
Wt = weight of sample in grams after drainage on the tension 
table, and 
f' = density of water in g. cm. -3 (1. 00 can be used). 
(4, p. JlJ). 
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The specific yield data was then used as an indication of which 
blocks of soil should have the higher conductivities, since a soil 
with a larger volume of drainable pore spaces should have a higher 
conductivity if the pores are continuous. 
The dried blocks of soil were then broken open to observe any 
dye patterns that may have been left because of, cracks or holes 
caus ing concentrated flow in any one particular area. 
,. 
RESULTS 
Equation 1 was -used to calculate the hydraulic conductivity, 
k. Rearranging the equation and correcting for temperature 
· differences 
42 
k = ,91 
ah &)_ .  7 
where_f( is the viscosity of the· water at the temperature of the test 
and/5 is the viscosity of water at 20
° C . 
Calculation of Hydraulic Conductivity 
The quantity, Q, was measured in grams per hour. The length, 
L, of the soil blocks was J inches, the cross sectional area, a, of 
the blocks was 9 square inches, and the hydraulic head, h ,  equaled 
J . 5  inches • .  Since an attempt was made to keep the room temperature 
and the temperature of the water suppiy nearly constant, very little 
correction had to be made for the changes in viscosity. The values 
for viscosity of water were found in a standard table of viscosities • 
.Results 
Changes showing the results of the hydraulic conductivity 
measurements are shown in Figures X-XVII. As can be observed, the 
curves follow the pattern of the generalized curve, Figure I, quite 
closely, showing the changes in hydraulic conductivity with time. 
Treatments A and B of run number 1, Figures X and XI, were the 
cores through which no carbon dioxide had been forced. Treatments C 
and D, Figures XII and XIII, through which carbon .dioxide had been 
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forced , resulted in far greater initial hydraulic c9nductivities than 
the blocks that were not treated with carbon dioxide. 
The point where the phenol was added to the water supply is 
indicated by the dashed line in Figures XIV-XVII. This resulted in a 
rApid. temporary decrease in conductivity. Phenol was again added one 
day later which resulted in a continued decrease in conductivity. If 
the phenol had been continuously added the results might have be_en 
different. 
Comparisons were made of the conductivities after three days, 
·s ince this was the point at which the cores were approximately at 
their peak flow. 
high flow rates. 
It was observed that three cores had exceptionally 
Upon close examination of the, dried blocks of soil, 
it appeared that ·tnere were continuous worm holes through blocks 2A 
and 2 B. In block JD the · sara� appeared to have not sealed against 
the soil properly when the block was recoated for the second run. 
Therefore, these blocks were not used in the comparisons. Table 1 
shows the average values and ranges of hydraulic conductivity at the 
designated time. 
Table 2 shows the averages and ranges in conductivity and the 
ratios of horizontal to vertical conductivity, after three . days of 
percolation, both as a total and as to the direction in which the 
conductivity was first measured on the block of soil. Also values 
are shown for data taken in 1962 from the same location using both 
horizontal and vertical standard three-inch soil cores (14, p. ? ) . 
Table 1. Average Values and Ranges of Horizontal and Vertical Conductivity' and Their Ratios After 
Three Days of P�rcolation 
Treat-
ment Run Ratio of 
munber . conductivities 
l ·  2 kh/¾ 
Direction of Hydraulic cotiductivity Direction of Hydraulic conductivity 
measurement measurement 
Average · Range Average Range 
(in. /hr. ) (in. /hr . ) (in. / hr . )  (in.  /hr . ) 
A Vertical 1. 00 0 . )8  - 1.71· lk,rizontal 1 . 91 1. 11 - J . 69 1. 91 
B Horizontal 2 . 06 1. )8 - 2 . 66 Vertical 2 . 01 1. 42 - 3 . 49 1. 02 
C Vertical 1 . 59 0 . 93 - 2 . 76 Horizontal 2 . 93 0. 90 ..: 4. 20 1 .84 
D Horizontal 1. 67 . 1. 30 - 2 . 69 Vertical 1. 56 0 . 20 - 2 . 75 1 .07 
t 
Table 2. Comparison of Average Values and Ranges of Horizontal and Vertical Conductivities and 
Their Ratios After Three Days of Percolation 
Source Horizontal conductivity 
of data 
Average 
(in. /hr. )  
Range 
(in. /hr . ) 
1962 0 . 164 0 . 14 - 0 . 19 
Total 2 . 188 0 . 90 - 4 .20 
Vertical first 2 . 474 0 . 90 - 4. 20 
Horizontal first 1.865 1 . 30 - 2 . 69 
Vertical conductivity 
. Average 
I ( in .  /hr. ) 
Range 
(in. /hr. ) 
0 . 096 0 . 09 - 0 . 13 
1 • .541 0 . 20 - 3 . 49 
1. 326 0 . 38 - 2 . 76 




1 . 71 
1 .42 
1 . 87 




These cores were undisturbed samples in brass cylind.ers, which may 
- have resulted in some compaction during the sampling process. 
The specific yield of the blocks of soil was calculated using 
. E;quation 6. Since the specific yield of a soil is related to its 
hydraulic conductivity, both measurements are shown tog�ther in 
Table J .  Other things being equal, a high specific yield should also 
give a high hydraulic conductivity. 
With the exceptions of the method used in cutting the blocks 
of soil on a band saw and that of coating the blocks of soil with 
saran, there were no difficulties encountered in the procedure. 
Cutting the chunks of frozen soil into three-inch cubes 
presented a problem, in that the soil removed fr,om the saw cut plugged 
the rollers on the - saw. Therefore, a wood ripsaw was used for the 
remainder of the blocks. 
When the blocks of soil were dipped in the saran the first 
time, air became entrapped beneath the block and the soil on ·the 
bottom side of the sa.mpl�s was not sealed properly. As a re·sult the 
soil dried out before the ·next series of_ coatings. This drying 
tended to fonn cracks along the soil planes. To correct the pro­
cedure, the second time the blocks were coated, pieces of a-luminum 
foil were laid on the dipping racks. This way the bottom side of the 
soil blocks were not coated at all bit prevented the blocks from 
drying out. The bottom side did not need to be coated since the 
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Table J .  Hydraulic Conductivity a.s Affected by Spec.ific Yield 
Soil Specific Conduc tivity Conductivity 
sample yield .foln 1 lbn 2 
<i )  ( in .  /hr. ) (in . / hr . ) 
lA 4.75 0 . 39 4. 06 
2A ? . BJ 4. 49 J . 75 
JA 4 .46 0 . 70 1. 42 
4A J . 61 1. 75 1 . 22 
5A 4. J6 1. 25 1. 68 
lB J . 90 2 .86 1. 60 .  
2 B J. 68 1. 00 6. JO 
JB  4 .42 1. 94 1. 76 
4B J . 85 1. 4.5 1. 52 
· 5 s 6 . JJ 2 . 60 3 . 75 
lC 5 . 06 1.81 2 . 74 
2C .5 . 71 1.44 2 . 92 
JC  5 . 73  l . J2 4. 41 
4c 5 . 74 2 . 96 4. J5 
5C  J . 61 1. 00 0 . 94 
lD 5 . 62 2 . 78 J . 01 
2D 5 .83  1. 42 o . 68 
JD 6 . 59 2 . 10 5 .70 
4D 4. 11 1 . 40 J . 09 
5D J . 64 1. 46 0 . 22 
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saran was to be removed from this side. Having the. aluminum- foil 
between the wire rack and the soil also simplified . the removal of the 
blocks from the racks.· 
ANALYSIS OF RESULTS 
In the section _on Results, .it was pointed out that the 
findings of the study,  as s hown in Figures X-XVII , followed t�e 
· pattern of the generalized curve shown in Figure I. This is quite 
evident  in two of the five curves in Figure XI and in Figure s XII 
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and XIII. The other curyes appeared to deviate from the generalized 
curve s ince there was not an initial decrease in hydraulic conductivity 
as shown in Phase 1 o� Figure I. · This decrease in conductivity is a 
combination of the effects of wetting and leaching of the electro­
lytes from the soil. Pos sibly the reason that this decrease  in 
conductivity was not evident in Figure X and in the three curves in 
Figure XI was that the measurements were hot taKen at close enou gh 
intervals and a small decrease may have occurred without being 
detected. A.lso, since there was a short time lapse between the time 
when the water was applied to the tops of the blocks of soil , at the 
be ginning of the run, and when the first measurement was taken , these 
blocks of soil may. have reached the end of Phase 1 where the conduc­
tivity was a minimum before the first measurements were taken. 
The curves in Figures XIII-XVII , which were from run 2 did not 
appear to experience any initial decrease in conductivity a·s shown in 
Phase 1 of Figure I ,  but appeared to start at the beginning of 
Phase 2. This would appear to be logical since the soil had been 
wetted and the electrolyte s should have been leached to an equi­
l ibrium level during run 1. 
.50 
It has been mentioned in the section on Results th.at the 
addition of phenol caused a decrease in c�nductivity. As was stated 
in the Review of Literat,i"re, the addition of phenol to the water 
supply has been used by various .investigators and has resulted in 
�n increase in ·hydraulic conductivity. The author feels that the 
cause of this opposite effect may have been the tubing that was 
used to connect the water supply to the blocks of soil. Used, low 
quality tubing was employed for this purpose and a light green algae 
appeared on the tubing after the water supply had been connected for 
a faw days. If the addition of phenol to the water supply killed 
this slime that was growing on the tubing, it could possibly have 
been dislodged and carried onto the top of the block of soil. Here 
I 
the slime may have- partially closed the soil pores with a resulting 
decrease in conductivity. 
Although averages and ranges of conductivity have been given 
in Tables 1 and 2, care must be taken in using these values. Since 
this soil is not homogeneous it is natural that there should be wide 
variations in conductivity. Also, since the soil is anisotropic as 
well as being nonhomogeneous, each block of soil should have 
different horizontal and vertical conductivities than .any other block 
of soil. Because of this ther� could possibly be wide variations in 
conductivity and little reliance can be placed upon averages made 
from such a small treatment size. 
In Table J values of specific yield, or drainable pore space, 
are shown along with the hydraulic conductivities for each block of 
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soil. Since the drainable pore space of a soil dire�tly affects the 
conductivity of it, this is a logi?al comparison to · make. However, 
since a block of soil with a thin; slowly permeable layer on top and 
the remainder of the block highly permeable might have a high specific 
yield· and yet have a low hydraulic conductivity, it is evident that a 
high specific yield does not always indicate a high hydraulic 
conductivity. 
The results of this study indicate that measuring the vertical 
conductivity before the horizontal, gives ratios of conductivities 
closer to previous data than if the horizontal conductivity was 
measured first. The author believes this may be the result of a poor 
contact between the soil and saran when the ends are recoated between 
the two runs. When the horizontal conductivity was measured first, 
the ends that had to be recoa�ed were rough and ragged because the 
ends were perpend'icular to the laminated layers , whereas when the 
vertical measurement was taken first, the ends to be recoated were 
smooth since they were p�rallel to the laminations. If a poor seal 
was made on the rough ends after the horizontal measurement was made, 
water could run down the cracks between the soil and saran on the two 
ends during the vertical measurement. This would result in apparent 
vertical conductivities that were higher than actually occurred in 
the soil. 
SUMMARY AND CONCLUSIONS 
Summary 
There are various methods of  determining the hydraulic 
conductivity o� soil . Most of these methods either measure the 
vertical or horizontal conduc tivity or else  some combination of the 
two measurements . Wi�h ,the exception of the double tube method, 
none of the other methods in practice can measure both conductivi­
ties on the same sample of soil. · The results of the double tube 
method are also questionable in that the soil is compacted when the 
rings and piezometers are forced into the soil. 
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Through the use of cubical-shaped blocks of soil, sealed in 
saran, both the horizontal and vertical hydraulic conductivities were 
measured on each of 20  blocks of soil. All of the measurements made 
were considerably higher than · the measurements made in 1962 . However 
the 1962 measurements were made using undisturbed cores in brass 
cylinders and there may have been compaction during the sampling 
process.  This would cause the 1962 measurements to  be lower than 
they should have _been. Also, because  in the proposed method cracks 
formed during the first coating process  and may not have swollen 
s hut again, the measurements taken may have been overly hi"gh. 
The ratios of horizontal · to vertical conductivity, when the 
vertical conductivity was measured first, were only slightly larger 
than the ra tics of the 1962 measurements. However when the hori­
zontal conductivity was measured first, the ratio of conductivitie_s 
5) 
was nearly unity and appreciably different from either the·l962 data · 
or the ratio of conductivities when the vertical measurement was made 
first. By examining the ·data. · it appeared as though the second 
measurement , that was made on a block of soil, was somewhat larger 
than it would have been if that measurement had been made first. 
This resulting increase in the second measurement appears to have had 
a ·  greater effect when the horizontal conductivity was measured first. 
As a result the ratio of conductivities was lower than when either the 
vertical conductivity was measured first or in the 1962 data. How­
ever since the number of samples -was quite small, both in this experi­
ment and in the 1962 measurements, little reliance can be placed upon 
the data as to which of the measurements is most nearly correct. 
I 
Cone lus ions 
The following conclusions are offered from this study: 
1. It is possible to measure both the horizontal and 
vertical conductivities on an undisturbed block of 
soil with little, if any, compaction of the soil. 
2. Sampling and shaping the block of soil requires 
considerable work. 
J .  From the data obtained, it appears that measuring the 
vertical conductivity before the horizontal conduc­
tivity gives a ratio of conductivities corresponding 
closer to the 1962 data than when the horizontal 
conductivity is mea�ured first. 
4. The values for horizontal and vertical conductivity 
for the two treatments of measuring either the hori­
zontal or vertical conductivities first , do not 
coincide; however, there is evidence to indicate that 
a relationship may exist. 
5. Adding phenol to the water supply appeared to dis lodge 
part of the green slime which had 'built up on the 
tubing. This could possibly have partially plugged the 
soil pores •. 
The following suggestions are made for any further continu­
a tion of this s_tudy : . 
1. A greater number of samples should be taken. · 
2. The effects of freezing on the hydraulic conductivity 
should be carefully studied. 
J .  A better method of cutting the blocks of soil into smooth 
cubes sho�ld be inves tigated. 
4. Care should be taken that the blocks of soil do not have 
an opportunity to dry out and fonn cracks during the 
time intervals between dipping the cubes in saran. 
5. Aluminum foil and filter paper should be laid on the 
dipping racks to prevent drying of the soil and also 
to s implify removal from the racks. ' 
6. A . high quality, clean tubing should be used to prevent 
the buildup of slimes. 
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